Fast, low-angle shoot functional magnetic resonance imaging (fMRI), based on the blood oxygenation level-dependent (BOLD) effect, was combined with optical recording of intrinsic signals (ORIS) and 2-deoxyglucose labeling in gerbil barrel cortex. We observed over the activated barrel a positive BOLD signal and increased levels of deoxyhemoglobin and total hemoglobin during each period of prolonged (30 sec) D2 vibrissal stimulation. These data show that the hemodynamic basis of this fMRI signal is not necessarily a washout of deoxyhemoglobin, as generally assumed. Instead, they suggest that a positive BOLD signal can also be caused by a local increase of blood volume, even if deoxyhemoglobin levels are persistently elevated. We also show that this alternative interpretation is consistent with theoretical models of the BOLD signal. The changes in BOLD signal and blood volume, which are most tightly correlated with the periodic stimulation, peak at the site of neuronal activation. These results contribute to the understanding of the hemodynamic mechanisms underlying the BOLD signal and also suggest analysis methods, which improve the spatial localization of neuronal activation with both fMRI and ORIS.
Functional magnetic resonance imaging (fMRI) has rapidly gained experimental and clinical importance as a tool to explore human brain functions and dysfunctions (Kindermann et al., 1997; Buchbinder and Cosgrove, 1998; Turner et al., 1998; Baumgart et al., 1999; Howseman and Bowtell, 1999; Ugurbil et al., 1999) . The current fMRI method, based on the blood oxygenation level-dependent (BOLD) effect (Thulborn et al., 1982; Ogawa et al., 1990; Menon et al., 1993; Frahm et al., 1994) , is noninvasive and permits repeated measurements. The method has a temporal and spatial resolution and a signal-to-noise ratio, which are all superior to positron emission tomography. The temporal resolution even allows event-related measurements (Dale and Buckner, 1997 ; for review, see Josephs and Henson, 1999) .
Nevertheless, the exact physiological mechanisms behind the BOLD signal are still unresolved. To obtain a steady BOLD signal at acceptable scanner noise levels, prolonged-typically between 30 and 60 sec-stimulation is used in fast, low-angle shoot (FLASH) fMRI (Frahm et al., 1994; Bandettini and Wong, 1997; Scheich et al., 1998) . The positive polarity of the strongest signal component is commonly interpreted to reflect a decrease of deoxyhemoglobin because of washout by an increased influx of fresh, oxygenated blood Cohen and Bookheimer, 1994; DeYoe et al., 1994; Frahm et al., 1994) .
However, because the BOLD signal is sensitive to the ratio of deoxyhemoglobin to surrounding intravascular and extravascular water (Ogawa et al., 1990; Boxerman et al., 1995) a positive BOLD signal could be caused not only by deoxyhemoglobin washout from a given voxel but also by an increase of the water fraction around the deoxyhemoglobin molecules in that voxel.
Here we use a new approach to the problem by combining two functional imaging methods, fMRI and optical recording of intrinsic signals (ORIS) (Blasdel and Salama, 1986; Grinvald et al., 1986; Frostig et al., 1990; Bonhoeffer and Grinvald, 1996) , using identical schemes of stimulation and correlation analyses. ORIS has a higher spatial and temporal resolution than fMRI and can measure, in a much smaller voxel, changes of total deoxyhemoglobin (HbR; at 605 nm) and of total hemoglobin (HbT; oxyhemoglobin plus deoxyhemoglobin; at 577 nm) and therefore changes in blood volume.
The examined brain structure in the anesthetized gerbil was an individual barrel in cortex during stimulation of the corresponding whisker on the whiskerpad (Woolsey et al., 1975; ArmstrongJames and Fox, 1987; Yang et al., 1996; Peterson et al., 1998) . The location of the stimulated and imaged barrel was verified by 2-fluoro-2-deoxy-D-[ 14 C(u)]-glucose (2-DG) autoradiography and cytochrome oxidase staining.
By comparing the spatial and temporal characteristics of the BOLD response over the barrel with those of the two ORIS signals, we examined whether a positive BOLD signal reflects indeed a washout of deoxyhemoglobin or alternatively a blood volume effect, i.e., a relative change of the intravascular water fraction in a given voxel. The obtained results were scrutinized by means of a net-effect BOLD model (Buxton and Frank, 1997; Buxton et al., 1998) (R. Buxton, personal communication) .
MATERIALS AND METHODS
A BOLD contrast map and two ORIS maps (at 577 and 605 nm wavelengths) were sequentially recorded in the same individual, thereby enabling a direct comparison. Identical schemes of prolonged whisker stimulation, necessary or common for fMRI but not typical for ORIS, were used for fMRI and ORIS. Furthermore, a meaningf ul comparison of fMRI and ORIS also requires analogous data analysis procedures. We therefore analyzed our data with common statistical procedures that are standard for fMRI but novel for ORIS. Finally, a terminal autoradiographic mapping experiment was conducted in each individual, using the metabolic marker 2-DG and a whisker stimulation paradigm as for fMRI and ORIS, to independently determine the location of the activated barrel in each individual. These locations were f urther confirmed by cytochrome oxidase staining of the obtained sections. fMRI E xperimental methods. Five adult Mongolian gerbils were anesthetized with 2% halothane and fixed in a stereotaxic frame. We chose halothane for anesthesia because the animals had to recover completely after each of the experimental steps outlined above and performed over several days. According to Burdett et al. (1995) , halothane has only minor effects on the cerebrovascular regulation. Fujibayashi et al. (1994) reported that under normocapnia, halothane has no effect on the energy metabolism of the brain, at least at the concentration used by us, but other results have been obtained (Lindauer et al., 1993) . All vibrissae, with the exception of D2, were clipped just above the skin. The animals were then positioned in the center of the magnet of the scanner and kept anesthetized with halothane. A gentle stream of air, periodically pulsed at 8 Hz, was delivered via a small hollow plastic tube that was appropriately positioned, with defined distance and angle, to only deflect the right D2 vibrissa (by ϳ11°in rostrocaudal direction). For f unctional imaging, this stimulus was presented for periods of 30 sec, alternating with 30 sec periods without vibrissal stimulation (block design).
fMRI was performed on a 4.7 T BRUK ER Biospec scanner with a free-bore of 20 cm equipped with an actively RF-decoupled coil system. A whole-body birdcage resonator enabled homogeneous excitation, and a 3 cm surface coil, located directly above the head to maximize the signal-to-noise-ratio, was used as the receiver. The scanning procedure started with the acquisition of T2-weighted spin echo anatomical reference images (thickness, 1.5 mm; field of view, 2.56 ϫ 2.56 cm; matrix, 256 ϫ 256 voxels; 100 m in-plane resolution) using a rapid acquisition relaxation enhanced sequence (R ARE) (Hennig et al., 1986) . Frontal images were first acquired to identif y the rostrocaudal position of the barrel cortex followed by oblique parasagittal images (at an angle of 48°r elative to vertical) to enable a top view onto the left barrel cortex. Corresponding f unctional images (same thickness, same field of view; matrix, 64 ϫ 64 voxels, and hence 400 m in-plane resolution) were collected using a FL ASH gradient echo sequence with repetition timeecho time flip angle of 96.7 msec /20 msec /15°. This parameterization gave a small flip angle, resulting in hardly any flow artifacts (Frahm et al., 1994) . Each f unctional imaging series consisted of 100 successive scans, each of which generated three images at consecutive depths from the cortical surface. Acquisition time for one scan was 6 sec, so that the total duration of each series was 600 sec. The initial five scans covered a 30 sec period without vibrissal stimulation (no-stimulation period), and the following five scans covered the first 30 sec of vibrissal stimulation (stimulation period). The next five scans covered the second 30 sec no-stimulation period, and so on.
Data anal ysis. Statistical analysis was performed using a custom-made software package (K HORFu; Gaschler et al., 1997) . For each voxel, the time course of the changing amplitude of the BOLD signal over the 600 sec duration of the experimental series was correlated directly, i.e., without time-lag, with the block-design of stimulation. The resulting r values of the Pearson's correlation coefficients were transformed to t values by a Fisher transformation and subsequently subjected to a Student's t test (Bandettini et al., 1993) with the null hypothesis of no significant correlation with the stimulation paradigm. From these data, two-dimensional maps of correlation coefficients and of levels of significance were generated.
These data were also used to quantif y the size of the area activated by the vibrissal stimulation. The size was defined as the product of the in-plane voxel area (viz., 400 ϫ 400 m 2 ), and the number of voxels over the barrel cortex for which the change in the signal was correlated with the vibrissal stimulation above selected levels of significance. Commonly, levels of p Ͻ 10 Ϫ3 -10 Ϫ4 are used in fMRI (Bandettini et al., 1993; Friston et al., 1994; Menon et al., 1997; Scheich et al., 1998) , but here we examined the effect of the level of significance more systematically.
The mean time course across experiments and animals was calculated after standardization of each individual time course in terms of means and SDs (see Fig. 4 ).
ORIS E xperimental methods.
On the day after the fMRI experiments the same animals were reanesthetized with halothane and prepared for optical recording of intrinsic signals from the left barrel cortex. For this purpose, a small aluminum bar, which served as an anchor for head fixation, was mounted to the frontal skull with dental acrylic. The bone over the barrel cortex was thinned. Recording of signals through the thinned bone was performed, under continued anesthesia, with an Imager 2001 System (Optical Imaging). The cortex was homogeneously illuminated by passing light from a DC -regulated tungsten lamp through two fiber optic light guides. Initially, and for reference purposes, an image of the cerebral vascularization pattern was recorded from each animal with light bandpass-filtered at 540 Ϯ 20 nm. Next, intrinsic signals were recorded using a procedure of vibrissal stimulation identical to that described above for fMRI. For each animal, light that was bandpass-filtered at 577 Ϯ 6 nm (ORIS-577) or at 605 Ϯ 10 nm (ORIS-605) was used in different recording sessions. Five repetitive experiments per wavelength were performed. The optical system (Ratzlaff and Grinvald, 1991) was defocused approximately down to cortical layer 4 (Ϯ 20 m) so that all signals were recorded from the same depth to exclude potential effects caused by the fact that a longer wavelength can derive intrinsic signals from deeper within the cortex. Signals were recorded with a temporal resolution of 1 frame/sec. Data anal ysis. The elements of ORIS images are traditionally referred to as pixels, but here we will refer to them as voxels because ORIS, like fMRI, measures signals originating from a cortical volume underneath a small area on the cortical surface.
The ORIS data were analyzed in two ways. First, conventional single condition (i.e., vibrissal stimulation relative to no stimulation) integration maps were calculated for both wavelengths (integration analysis). For this purpose, a first-frame analysis was performed: the data obtained from the first frame of each stimulation or no-stimulation period were subtracted from those of all 29 subsequent frames of that period. These differences were then divided by the data of the same first frame of that period. This procedure reduces the effects of slow nonspecific changes of activity in the cortex during the experiment on the data (Bonhoeffer and Grinvald, 1996) . Thereafter, all first-frame corrected data for the five repetitions ϫ 10 presentations of the no-stimulation and the stimulation periods were averaged separately. Integration maps were calculated by subtracting the average no-stimulation image from the stimulation image. These maps were convolved by a 3 ϫ 3 Gaussian filter to f urther improve the signal-to-noise ratio. For display, values between the 10 and 90% quantiles of the distribution of voxel values were color-coded (integration maps). Integration maps do not depict dynamic temporal changes or statistical coefficients but they accentuate the net direction and spatial extent of the signal changes independent of the temporal changes within each condition.
The second, novel way, in which the ORIS data were analyzed, was by correlating the changing time course of the signal of each voxel with the block-design of stimulation, in the same way as is described above for fMRI (correlation analysis). For ORIS, the data from six consecutive frames were averaged to deliberately reduce the higher temporal resolution of ORIS (viz., 1 frame/1 sec) to that of the fMRI (viz., 1 scan /6 sec). Maps of correlation coefficients and of levels of significance (correlation maps) were generated, and the size of the activated areas quantified, as described above for fMRI. Average time courses of ORIS signals were computed from voxels for which p Ͻ 10 Ϫ8 (605 nm) and p Ͻ 10 Ϫ18 (577 nm) and standardized to their mean and SDs (see Fig. 4 ). For these levels of significance the number of voxels for ORIS-605 and ORIS-577 were most similar (see also Fig. 3 ).
2-DG autoradiography
The routine protocol for 2-DG autoradiographic mapping is described in detail elsewhere Hess et al., 1998; Richter et al., 1999) . In brief, after 24 hr of recovery after the ORIS experiments, the same animals were reanesthetized with halothane and injected intraperitoneally with 18 C i of the radioactive metabolic marker 2-DG (American Radiolabeled Chemicals, St. L ouis, MO) in 0.2 ml of sterile physiological saline. After 50 min of vibrissal stimulation, identical to that described above for fMRI, in a dark and sound-attenuating chamber the animals were killed (T61; Hoechst), and the brains were removed and rapidly frozen on a cryostat. To verif y activation of the same barrel with 2-DG, fMRI, and ORIS, a 00 size insect pin was inserted into the cortex ϳ500 m dorsal to the position of the ORIS-605 labeled area. In the frozen brain lying on its base, this can be done with a micromanipulator under some magnification because even small filled blood vessels are distinguishable on the brain surface and can be matched with vascular images obtained during the ORIS experiments. The pin was driven through the cortex at an angle aimed to intersect the radial orientation of the assumed 2-DG-labeled barrel at some depth. Subsequently, 40 m horizontal sections were cut with a microtome. The sections were mounted on slides and air-dried on a hotplate (50°C). Thereafter, the sections were exposed to a Kodak (Eastman Kodak, Rochester, N Y) N BT-3 x-ray film for 10 d. The x-ray film was developed following standard procedures. The tract of the insect pin could be easily followed through the sections and had a course close to or intersecting the labeled barrel. Sections were then stained for cytochrome oxidase, which delineates barrels (Wong-Riley and Welt, 1980).
RESULTS

Comparison of gross spatial features of BOLD, ORIS, and 2-DG signals
In this section, the superimposed activation patterns of the stimulated barrel as reflected by the BOLD and ORIS methods will be compared using vascular landmarks as a reference for alignment of the two maps. The activation of the barrel was verified post hoc with the 2-DG mapping method, using the same landmark and with cytochrome oxidase histology. Figure 1 shows an anatomical MRI image from one animal of a lateral view of that part of the left cerebral hemisphere that comprises the barrel cortex and the auditory cortex caudal to the eye. The course of the middle cerebral artery (MCA) and its major branches can also be clearly seen. Superimposed onto the anatomical image are shown, in red, the location of fMRI voxels Figure 1 . Lateral view of the left cerebral hemisphere from just behind the eye of one gerbil, comprising the barrel cortex (BC ) and the auditory cortex (AC). The course of the middle cerebral artery (MCA) and its major branches can also be seen. Superimposed onto this anatomical MRI image are shown the location of fMRI voxels (filled in red), of ORIS-577 (outlined in blue), and of ORIS-605 voxels (C, D, filled in yellow or yellow crosses) for which the time course of the changing signals was significantly correlated with the block design of vibrissal stimulation. Only voxels with a positive correlation above the level of significance, identified in the top left-hand corner of each chart, are shown. Note that for both methods, the labeled areas of the barrel field shrink with increasing threshold level of significance ( A-D) . The inset in D shows the alignment of the BOLD and ORIS-577 maps by means of the branching pattern of the MCA, which is identifiable with both methods, and the close match of the centers of gravity of the smallest coherent labeled areas (red cross, fMRI; blue cross, ORIS-577). Note that the mismatch in the location of these centers is less than the in-plane size of two fMRI voxels (squares in inset with 400 ϫ 400 m each).
for which the time course of the changing BOLD signal was significantly correlated with the block design of stimulation of the single D2 vibrissa. In each inset, the distribution of voxels with correlation coefficients above a particular level of significance are shown. The lowest level of significance illustrated, viz., p Ͻ 10 Ϫ4 ( Fig. 1 A) , is in the range of conventional fMRI (Bandettini et al., 1993; Friston et al., 1994; Menon et al., 1997; Scheich et al., 1998) . Here, a large area around and including the barrel cortex is labeled, viz., 13.12 mm 2 . This area could accommodate some 460 barrels. The major axis of this area runs approximately from dorsal to ventral, roughly perpendicularly to the rostrocaudally oriented rows of barrels (Woolsey and Welker et al., 1975) . With increasing criterion for significance, the labeled area of the barrel cortex shrinks, viz., from 13.12 mm 2 (82 voxels) at p Ͻ 10 Ϫ4 ( Fig.  1 A) to 3.04 mm 2 (19 voxels) at p Ͻ 10 Ϫ10 (Fig. 1 D) . A smaller rostral patch, ventral to the main barrel cortex, is also labeled at lower levels of significance. This patch may reflect activation of secondary somatosensory cortex SM II (Paxinos, 1995) and/or SM III (Krubitzer et al., 1986) . At all levels of significance, large areas of auditory cortex (AC) are also labeled. The location and spatial organizational features of gerbil auditory cortex have been previously studied with electrophysiology, 2-DG, and ORIS Thomas et al., 1993; Hess and Scheich, 1996) . The coactivation of auditory cortex was likely caused by the fact that the air puffs used to deflect the D2 vibrissa also produced a noise-like sound.
Figure 1 also shows, outlined in blue, the locations of ORIS-577 voxels over the barrel cortex for which the time course of the changing signal was significantly correlated with the block design of stimulation. Voxels are shown at the same level of significance as for the fMRI data. The BOLD and ORIS-577 maps were aligned by means of the branching pattern of the MCA, which is identifiable with both methods (Fig. 1 D, inset) . At each of the levels of significance, the labeled areas above the barrel cortex differ for BOLD and ORIS-577 with respect to size and shape, being smaller and more concentric for ORIS-577. Nevertheless, the location of the peaks of the stimulation-correlated activation seen with the two methods is remarkably similar. This is illustrated in the inset of Figure 1 D, where the two crosses identify the location of the centers of gravity (mean of x and y coordinates) of the smallest coherent labeled areas over the barrel cortex (5 voxels at p ϭ 10 Ϫ12 with fMRI and 50 voxels at p ϭ 10 Ϫ15 with ORIS-577 in this animal). The difference in the positions of the two centers of gravity is less than twice the 400 m in-plane axis of one fMRI voxel (Fig. 1 D, inset, four squares) .
Corresponding data for ORIS-605 voxels are shown in yellow in Figure 1 , A and B. The areas labeled are much smaller than with both fMRI and ORIS-577, and with the higher levels of significance in C and D are much too small to be visible at this image magnification. Therefore, in these latter insets only the positions and not the extent of the ORIS-605 peaks of activation is marked by yellow crosses.
The ORIS-605-labeled area corresponded to the activated barrel, as demonstrated in Figure 2 . In this horizontal 2-DG autoradiograph, the activated barrel appears as a darkly labeled radial column extending through the cortical layers and was identified by the lesion, as explained in Materials and Methods. Reduced 2-DG labeling in adjacent nonstimulated barrel cortex was also evident. Such reduced labeling, which has been observed previously in other rodents, may be considered as pericolumnar inhibition (Kossut et al., 1988; Welker et al., 1992) or, alternatively, as an absence of driving activity from the periphery (McCasland and Hibbard, 1997) . Table 1 provides an anatomical (cytochrome oxidase) and functional (2-DG, ORIS, fMRI) comparison of barrel sizes in rat and gerbil based on our data and data from the literature.
The quantifiable spatial relationships of the three signals are shown for the five animals in Figure 3 . For BOLD, ORIS-577, and ORIS-605, the sizes of the coherently activated areas over the barrel cortex are plotted as functions of the level of significance of the correlation with the block design of vibrissal stimulation. The data represent the mean values and SEs across the five animals. For all three signals, the size of the area decreases with increasing level of significance, as would be expected and as was already obvious in Figure 1 A-D. With high levels of significance ( p Ͻ 10 Ϫ15 ), the BOLD function takes a horizontal course, because here the size of the activated area equals that of the in-plane voxel, whereas the ORIS-577 function continues to decline. Note that, apart from this "ceiling" effect on the BOLD function, the BOLD and ORIS-577 functions are nearly parallel over many orders of magnitude of level of significance. This is in contrast to the course of the function for ORIS-605, which declines much more steeply and reaches the in-plane size of an ORIS voxel (which is more than three orders of magnitude smaller than that of an fMRI voxel) near a level of significance of p ϭ 10
Ϫ15
.
Comparison of temporal features of BOLD and ORIS signals
The BOLD and the ORIS-577 signals also share similar temporal characteristics. Figure 4 shows the mean time course, averaged across the five animals, of the BOLD, of the ORIS-577, and of the ORIS-605 signals, computed from voxels for which p Ͻ 10 Ϫ5 . For this level of significance, the areas comprise ϳ15 mm 2 (BOLD), 3 mm 2 (ORIS-577), and 0.15 mm 2 (ORIS-605) (compare Fig. 3 ). Whereas all three signals change periodically with a 60 sec period, emphasizing the correlation of the signals with the block design of vibrissal stimulation, the BOLD signal is more similar to the ORIS-577 than to the ORIS-605 signal. This is documented by a higher absolute value of the cross-correlation coefficient between the BOLD and the ORIS-577 signal, viz., Ϫ0.80, than between the BOLD and the ORIS-605 signal, viz., Ϫ0.64. It is important to note that the polarity of the ORIS-605 signal during the first and Figure 2 . Representative 2-DG autoradiograph of a horizontal section through the barrel cortex. Note the darkly labeled column that reflects the activation of a cortical barrel (B) caused by stimulation of the contralateral D2 vibrissa. The white dot ( I ) marks the track of the insect pin stuck into the cortex just dorsal to the ORIS-605-labeled area and at an angle to penetrate the cortex beneath that area on the surface. Also note that this track intersects the 2-DG-labeled cortical barrel. From this alignment, it follows that the ORIS-605-labeled area must be in register with the activated cortical barrel.
all subsequent 30 sec periods of vibrissal stimulation is negative and does not change its polarity during stimulation periods (Fig.  4 D) , indicating an elevated deoxyhemoglobin level throughout these periods.
Comparison of detailed spatial features of ORIS signals
The following comparison of ORIS signals at the wavelengths of 577 and 605 nm demonstrate in more spatial detail than Figure 1 that voxels of maximum blood volume increase (HbT) correspond to voxels of maximum deoxyhemoglobin increase (HbR), i.e., to the site of neuronal activation. It will also become evident that this correspondence is most clearly seen with correlation analysis of ORIS data, i.e., with the method adopted from fMRI studies, and less so with the conventional analysis of ORIS data, which uses integration of signals and subtraction of nonstimulation from stimulation periods. Because of the complexity of the matter the description of results closely follows those obtained from the case shown in Figure 5 (case different from that in Fig. 1 ), but the general statements apply to all cases. Figure 5 shows a comparison of ORIS-605 maps (HbR; Fig.  5A ) with ORIS-577 maps (HbT; Fig. 5B ) and with the pattern of arterial (red) and venous (blue) blood vessels in the area of interest (Fig. 5C ), all recorded in the same animal. For the two signals, the conventional integration maps are shown as twodimensional displays of color-coded signal intensities at the bottom of each cube in A and B. The pseudo-three-dimensional landscape displays in the cubes show the corresponding maps of correlation coefficients of signals, and the contour maps at the top of the cubes show corresponding isosignificance level contours derived from the correlation coefficients.
The ORIS-605 integration map (Fig. 5A , bottom) reveals several foci of high HbR (red) in response to the vibrissal stimulation. The focus close to the center of the area of interest (labeled with a white dot) was identified to be over the activated barrel (for method, see Fig. 2 ), whereas several other more peripherally located foci (labeled with number signs) are placed over draining veins (compare with Fig. 5C ).
The distribution of high signal intensities is quite different in the ORIS-577 integration map (Fig. 5B, bottom) . This map reveals an increase of HbT (red) over a relatively large region within the area of interest, which includes the activated barrel (dotted vertical line), but high signal intensities spread extensively in a rostroventral direction toward the origin of the branches of the middle cerebral artery, i.e., upstream (compare Fig. 5C ). Downstream over draining veins there is no increase, and in some regions there is even a decrease of HbT (blue).
In summary, the integration maps at 605 nm show several foci of high deoxyhemoglobin accumulation, one of which corresponds to the activated barrel. At 577 nm, the increase of total hemoglobin is widespread around the activated barrel and does not allow to identify that barrel. Apart from some other spatial details, which seem important in the context of the long-term stimulation (see Discussion), these reflections of activation correspond to the situation that has been reported in numerous other studies in other cortices and with short-term stimulation.
The novel correlation analysis of the ORIS-605 and ORIS-577 data provide further information on spatial and intensity aspects of ORIS signals and consequently on the variables that determine the BOLD signal. For ORIS-605 (Fig. 5A, landscape) , the map of correlation coefficients shows a single sharp peak over the activated barrel, at the same position as the center focus in the integration map described above (dotted vertical line). Typically, correlation coefficients at the positions of the foci over the drain- , cf. Fig 1A) and a high level of significance (p Ͻ 10 Ϫ10 , cf. Fig 1D) are given. Note the similar ratios of ORIS-605 and of 2DG to cytochrome-oxidase in both species. Moreover, already at a level of significance of p Ͻ 10 Ϫ10 the area of the fMRI signal is somewhat smaller than that of the conventionally analyzed ORIS-577 signal. (Masino et al., 1993; Chen-Bee et al., 1996) , the in-plane size of fMRI and ORIS voxels, and the size of the D2 barrel in the gerbil are also identified. Note that the latter is smaller than the size of a single fMRI voxel.
ing veins in such correlation maps (labeled with number signs) were 10 -20% lower than that over the activated barrel. The map of isosignificance level contours (Fig. 5A, top) demonstrates that voxels with correlation coefficients of highest significance are also located over the activated barrel (dotted vertical line).
Interestingly, the map of correlation coefficients for the ORIS-577 data in Figure 5B also reveals a maximum. This maximum is well defined despite the large extent of the region, which shows an increase in HbT (compare with the corresponding integration map; Fig. 5B, bottom) . The position of this maximum corresponds closely to that in the corresponding ORIS-605 correlation map (Fig. 5A ). In this case, the difference of only ϳ150 m was less than the average distance between two adjacent barrels (184 m) in the gerbil, and in all cases was considerably smaller than the in-plane size of a fMRI voxel (Fig. 5C, black square) . The same holds with respect to the location of the highest level of significance (Fig. 5C , distance between dotted and dashed vertical lines and between red and green dots; compare also with the white isosignificance level contours in the top maps of Fig. 5A,B) . These data suggest that there is also a stimulation-correlated increase in HbT, and therefore of blood volume, with a maximum over the activated barrel. In summary, the correlation analysis shows that the loci where the changes in the ORIS-605 and ORIS-577 signals (HbR and HbT, respectively) are maximally correlated with the block design of stimulation are well defined and closely correspond to each other. The increase of HbR over the activated barrel (Fig.  5A, bottom) , which obviously persists throughout each 30 sec stimulation period (Fig. 4 D) , suggests that stimulus-induced cortical activation does not necessarily cause a secondary decrease of HbR because of washout. Therefore, the positive BOLD signal that we have measured in all cases over the activated barrel (Figs.  1, 3, 4 ) cannot be attributable to HbR washout. The concomitantly elevated HbT at this site suggests that a blood volume increase may play a role in determining the polarity of the BOLD signal. The fact that HbR is also somewhat elevated over draining veins as shown by the integration maps suggests that HbR is washed away from the site of neuronal activation, although at a rate that is not high enough to reduce the HbR concentration over the activated barrel to, or even below, resting levels.
DISCUSSION
Selective mapping of barrels
The activation of a cortical barrel by stimulating the corresponding vibrissa can be reliably demonstrated with a variety of techniques. Activity with an approximate spatial dimension of a barrel has previously been demonstrated electrophysiologically (Welker, 1976; Armstrong-James and Fox, 1987; Goldreich et al., 1998; Peterson et al., 1998) , with 2-DG (Kossut et al., 1988) , and with ORIS at 605 nm but not at 577 nm (Masino et al., 1993; Peterson et al., 1998) . With conventional FLASH fMRI methods at 7T and single-vibrissa stimulation, Yang et al. (1996 Yang et al. ( , 1997 reported foci of activation with diameters of 360 Ϯ 215 m corresponding to the area of increased neuronal activity recorded by Armstrong-James and Fox (1987) . Our data do not confirm such a correspondence for a positive BOLD signal with conventional statistical criteria. Here, the activated area covered about 460 barrels but decreased to near the size of a single barrel with criteria several decades higher.
Defining a site of neuronal activation with fMRI and ORIS
With standard statistical criteria for fMRI and conventional integration analysis of ORIS data, it appears that only the ORIS-605 signal (HbR) so far has provided the spatial resolution high enough to delineate the locus of neuronal activity (Frostig et al., 1990; Malonek et al., 1997) . However, our comparison using correlation analysis of both signals and higher statistical criteria Ϫ5 (BOLD), p Ͻ 10 Ϫ8 (ORIS-605), and p Ͻ 10 Ϫ18 (ORIS-577) and averaged across the five animals (mean Ϯ SE). Vertical lines also mark the transition from 30 sec periods of stimulation (thicker horizontal lines) to periods without stimulation. Note that all three signals change periodically with a 60 sec period, i.e., they are correlated with the block design of vibrissal stimulation. Yet, the BOLD signal is more similar to the ORIS-577 than to the ORIS-605 signal, as reflected in the absolute value of the cross-correlation coefficients (Ϫ0.80 between BOLD and ORIS-577 compared to Ϫ0.64 between BOLD and ORIS-605). D, Blow up of the ORIS-605 signal during the first 30 sec period of vibrissal stimulation. Note that the signal has the same (negative) polarity throughout that period, reflecting a sustained increased level of HbR. showed that ORIS-577 and fMRI signals may be spatially nearly as well defined as the ORIS-605 signal. This correlation analysis emphasizes the dynamic changes after (periodic) stimulus onsets and offsets rather than the mere differences of integrated activity as emphasized in previous studies (Masino et al., 1993; Bonhoeffer and Grinvald, 1996; Peterson et al., 1998) . Correlation analysis may have general advantages even for the spatial resolution of ORIS-605, namely to distinguish the focus of neuronal activation from nearby signal foci that may appear over draining veins with repetitive stimulation. Their lower correlation strength is probably attributable to a longer delay and/or temporal smearing of the venous increase in HbR compared to that over the neuronal focus. Our integration analysis of the ORIS-577 signal revealed widespread areas of increased HbT roughly in the area of the activated barrel (Frostig et al., 1990; Malonek et al., 1997) . Whereas a similar spatial extent of signal increase was also visible in the ORIS-577 correlation maps, there was a well defined peak centered to the site of neuronal activation. Thus, ORIS studies, which in some laboratories are conducted at wavelengths less optimal for HbR because of weak signals at 605 nm, may yield a better definition of activation sites with correlation analysis.
Recently, early time components of the BOLD signal acquired with fast but loud echoplanar imaging have yielded a spatial resolution high enough to demonstrate ocular dominance columns in human (Menon and Goodyear, 1999) and iso-orientation domains in cat primary visual cortex (Kim et al., 2000) . Our observations suggest that it should also be possible with more comfortable noise-reduced, gradient echo fMRI to determine the focus of neuronal activation more accurately, viz., by raising the criterion for significant correlation. As shown by the high-resolution ORIS method, draining veins do not appear to be a major confounding problem.
Hemodynamics and the BOLD effect
In the following, some settings and boundary conditions of components that determine the BOLD and ORIS signals are discussed. The conclusions are guided by the model given in the Appendix and apply to our data.
Because the BOLD effect is determined by the total amount of deoxyhemoglobin as well as by the ratio of deoxyhemoglobin to free water within a given voxel (see Appendix), a positive BOLD contrast can theoretically occur under several conditions: (1) if there is a decrease of deoxyhemoglobin caused by an increased influx of fresh oxygenated blood (depletion); (2) if the intravascular water fraction surrounding a given amount of deoxyhemoglobin molecules increases, by an increase in cerebral blood volume (CBV; dilution); and (3) if both the intravascular amount of deoxyhemoglobin and CBV will increase, but CBV more strongly. If their ratio remains constant, a negative signal will result because of an increased total amount of dephasing deoxyhemoglobin molecules within the voxel of observation (build-up; see Eq. 3 in the Appendix).
In a voxel with multiple capillaries, all three conditions lead to a positive BOLD signal if the described changes hold in similar ways for all capillaries involved independent of their number. It is possible to measure an elevated HbR level in a voxel, as we did here with ORIS-605, and still measure a positive BOLD signal, as we also did under several circumstances: for instance, if capillaries are widened or more of them are opened or if the ratio of water to red blood cells in capillaries of maintained diameter increases. These hemodynamic changes may all result in an intravascular dilution of the produced deoxyhemoglobin (see Appendix).
Our finding of sustained HbR increase during repetitive stimulation is not the only evidence of such long-term effects. During prolonged stimulation sustained elevated HbR production and HbR content were also suggested by fMRI experiments comparing the effects of hypercapnia and visual stimulation in visual cortex Davis et al., 1998; Schwarzbauer and Heinke, 1999) . Hypercapnia produced a large increase of cerebral blood flow (CBF) and CBV, presumably without increasing the oxygen consumption. The resulting large, positive BOLD signal was therefore caused by washout and dilution of the "normal" HbR production at rest. Under visual stimulation the BOLD signal was lower than during hypercapnia, but still positive, throughout the stimulation periods (2 min). Because CBF was not different in the two conditions, this suggests that the reduction of the positive BOLD signal was attributable to a sustained increase in HbR production. A maintained HbR increase during prolonged stimulation has also been concluded from fMRI experiments in motor cortex (Haacke et al., 1997) and was directly shown with infrared spectroscopy in human visual cortex (Kato et al., 1993 (Kato et al., , 1999 . Findings of sustained HbR increase during prolonged stimulation cannot be directly compared with data obtained with short periods of stimulation. For instance, in ORIS studies using short periods of stimulation (e.g., 2 sec) a decrease of HbR below baseline ("undershoot") a few seconds after an initial increase of HbR has been reported (Narayan et al., 1994; Cannestra et al., 1996; Malonek et al., 1997) . However, in Malonek et al. (1997) (compare Fig. 1 E) , the undershoot disappeared with two or three such periods of visual stimulation. This suggests that already with somewhat prolonged stimulation the relationships of HbR production, and changes of local CBV and CBF result in an elevated HbR content.
Furthermore, Malonek et al. (1997) found that the early increase of HbR was accompanied by a simultaneous increase of HbT. Because the change of CBF, measured independently by laser-doppler flowmetry, was delayed relative to the HbR and HbT increase, the authors concluded that the early change of HbT probably reflected an increase in CBV, controlled by an early mechanism independent of that controlling the flow component. Similarly, Marota et al. (1999) showed an early and similar onset of the BOLD and the CBV signal. The data of Mandeville et al. (1998) , often cited for a slower increase of CBV compared to the BOLD signal after single stimulation, merely show that the CBV signal takes longer to reach its peak value. Such different dynamics do not exclude a causal relationship between the two signals. Similarly, the results of Mandeville et al. (1998) and Marota et al. (1999) in the anesthetized rat brain, showing that the average increase of CBV in an area is much smaller than the increase of CBF, does not exclude our hypothesis. Focusing on the spatial aspect of signal distributions, we could show a close correspondence of the loci of maximum correlation of ORIS-605 and ORIS-577 signals (Fig. 5) and of the BOLD signal (Fig. 1 D) , suggesting that the volume effect must be largest at the site of highest HbR content, i.e., at the site of neuronal activation.
Because the local volume increase in the microvessels at that site occurs as early as the HbR increase (Malonek et al., 1997) , the above consideration may also shed some light on the "initial dip" (i.e., a negative BOLD polarity) analyzed in some fMRI studies Hennig et al., 1997; Hu et al., 1997; Kim et al., 2000) . This effect may be caused by special initial conditions in which an increase of HbR driving the BOLD signal in negative direction is stronger than a concomitant volume increase driving it into positive direction.
In summary, our results may contribute to the understanding of the hemodynamic mechanisms underlying the BOLD signal over activated brain regions, even though this has been studied only in a specialized cortex and in an anesthetized animal. The results emphasize the influence of the blood volume changes and of the intravascular signal component. Furthermore, we suggest analysis methods to improve the spatial localization of neuronal activation with both fMRI and ORIS.
APPENDIX Theoretical considerations and evaluation of a model of the BOLD signal
The data presented above bear directly on the mechanisms underlying the BOLD signal, at least during long-term activation of the barrel cortex of the anesthetized gerbil. To follow our reasoning below, two points should be remembered. First, although the BOLD method measures deoxyhemoglobin changes within a voxel of observation, the BOLD effect is determined by the total amount of deoxyhemoglobin as well as by the ratio of deoxyhemoglobin to free water within this voxel. This is so because paramagnetic deoxyhemoglobin molecules act as "sinks" for the relaxation of spins of protons in the water immediately surrounding the deoxyhemoglobin molecules (Pauling, 1977; Thulborn et al., 1982; Ogawa et al., 1990; Kwong and Chesler, 1992; Ogawa et al., 1992) . Water inside blood vessels will therefore contribute more to the BOLD contrast than water in surrounding tissue (Boxerman et al., 1995) . Second, it should be remembered that the average concentration of deoxyhemoglobin in a given voxel (HbR) is not the same as its concentration within the local volume of blood, the intravascular (blood) concentration, contained in that voxel. Only some fraction of the cortical volume that contributes signals to a fMRI voxel is made up of blood vessels, but those contain all the deoxyhemoglobin. It is conceivable that the intravascular concentration of deoxyhemoglobin is more relevant to the BOLD signal than the average voxel concentration dependent on how short reaching the influence of deoxyhemoglobin molecules on the surrounding water is. In his theory of the basic principles of deoxyhemoglobin as an intrinsic contrast-agent Ogawa (Ogawa and Tank et al., 1992; Ogawa and Menon et al., 1993) assumed that the contribution of the intravascular water to the BOLD signal is small because of the small blood volume fraction in a voxel. This assumption has lately been questioned. Boxerman et al. (1995) showed that the contribution of the intravascular water fraction to the BOLD signal is dominant, at least at lower field strengths, and could cause up to two-thirds of the BOLD signal.
If one considers only the BOLD and the ORIS-577 signals from our data, their near-parallel area functions (Fig. 3) and high absolute value of the cross-correlation coefficient (Fig. 4, compare B, C) would be consistent with the conventional interpretation, namely that a positive BOLD signal in a voxel of observation is caused by a decrease in the HbR concentration in that voxel because of washout of HbR from vessels (depletion). This would be caused by an increased CBF during stimulation, also leading to an increase in HbT and hence an increase of the ORIS-577 signal. However, the ORIS-605 signal clearly revealed that the HbR concentrations in all voxels from the activated barrel were persistently elevated during stimulation. For this case, Ogawa's theory, based on the dominance of the extravascular water component, predicts a negative BOLD signal. Therefore, the above findings together are clearly not compatible with the deoxyhemoglobin depletion interpretation of the positive BOLD signal.
To explore these possibilities theoretically, we transformed a basic net effect model of the BOLD signal, which incorporates both the extravascular and the intravascular components (Buxton et al., 1998) . It is necessary to consider the BOLD signal as an explicit function of the total deoxyhemoglobin content and of CBV in a voxel and to pay attention to the contributions of both extravascular and intravascular signal components. A signal evaluation in this required form, valid for low-resolution gradient echo sequences at 1.5 T and 40 msec echo time, was provided for humans by Buxton et al. (1998) based either on simulation data and relaxation theory or considering experimental values for the apparent transversal relaxation time T2* of blood as a function of oxygenation (Buxton et al., 1998; Buxton, personal communication) . According to Buxton, the BOLD signal can be written as:
with V 0 as the blood volume fraction at rest, v ϭ V/V 0 as the ratio of the current blood volume fraction, V and V 0 and q ϭ Q/Q 0 as the ratio of the current total deoxyhemoglobin content Q, and the total deoxyhemoglobin content at rest Q 0 . The dimensionless parameters k 1,2,3 are related to the ratio of extravascular and intravascular signal contribution and their balanced dependence on q and v. The numerical values have been calculated by Buxton et al. (1998; Buxton, personal communication) to k 1 ϭ 2.8, k 2 ϭ 0.57, and k 3 ϭ 0.43. From the relations:
we can derive that for small increases of total deoxyhemoglobin content in a voxel (HbR), CBV must also increase by a constant ratio to compensate the effect of increasing HbR. Then, the condition for a positive BOLD response is described by the relation quantifying the counteracting effects of increasing intravascular and decreasing extravascular contributions:
It is important to note that this relation implicitly comprises a decreasing concentration of intravascular deoxyhemoglobin in blood because the blood volume fraction has to go up more than the total content of deoxyhemoglobin. This is a hitherto neglected additional aspect of the BOLD effect and suggests that the conventional interpretation that a positive BOLD signal can only be measured for decreasing total deoxyhemoglobin in a voxel (HbR) should be replaced by one that requires a decrease in the intravascular deoxyhemoglobin concentration. This formulation also includes the case of a reduced total deoxyhemoglobin (HbR) content in a given voxel that is also governed by Inequation. Using higher magnetic field strengths would influence the quantitative aspects because the intravascular contribution to BOLD becomes less dominant (Gati et al., 1997) . The qualitative aspect, however, is improbable to change unless at extremely high fields. Equation 1 describes the signal one could expect to measure for a given combination of q and v, regardless of which dynamics in oxygen consumption and regulation of CBF and CBV can lead to such conditions. It is also possible to choose CBF and cerebral metabolic rate of oxygen consumption (CMRO 2 ) as independent variables to model the BOLD signal, which would eliminate the explicit dependence on CBV . However, because all these properties are physiologically related, which design to use is a question of suitability and direct availability.
The new perspective provided by the BOLD effect model with CBV and HbR as relatively independent variables may also shed some light on transient effects such as the "initial dip" and the "poststimulus undershoot" described in various reports (Fransson et al., 1997; Hu et al., 1997; Buxton et al., 1998; Fransson et al., 1998; Jones et al., 1998 Jones et al., , 1999 . With the beginning of an increased neuronal activity causing an increased CMRO 2 , the local intravascular concentration of deoxyhemoglobin rises. Next, as Malonek et al. (1997) could demonstrate with ORIS, CBV increases. Additionally, CBF increases. During this initial time window, an initial dip might be measured if the increase in the amount of deoxyhemoglobin dominates over the diluting effect of the starting increase in CBV and the washout effect of the increasing CBF. Although CBV and CBF increase, this does not necessarily lead to a decrease in the total amount of deoxyhemoglobin in a voxel (HbR). The coupling ratio of CBF and CBV may not be constant across different species and might also be affected by anesthesia. For example, it is consistently described for awake humans (Davis et al., 1998; Kim et al., 1999) and other species that CBF rises up to twice as much as CMRO 2 and by a constant ratio in humans (Hoge et al., 1999) , thus reducing the intravascular deoxyhemoglobin concentration to or below resting level. This reported strong increase of CBF alone would lead to a decreased total amount of deoxyhemoglobin (HbR). However, this finding does not apply to our data. We documented here a persistent increase of HbR over the activated barrel throughout each 30 sec stimulation period, in spite of an increase of CBF in the barrel (Cox et al., 1993) . We conclude from this finding that the increase of CBF was not strong enough to wash out the increased production of deoxyhemoglobin.
After stimulation has ceased, CBF and CBV decline to baseline levels. The transient effect of the well known poststimulus undershoot, i.e., a negative BOLD signal after stimulus offset (Fransson et al., 1997; Hu et al., 1997; Buxton et al., 1998; Fransson et al., 1998; Jones et al., 1998; Jones, 1999) , may occur if the abrupt downregulation of CBF and a slower readjustment of CBV, with distinct time constants, leads to pooling of deoxyhemoglobin on the venous side. Then a somewhat prolonged generation of deoxyhemoglobin that is not accompanied by a CBV sufficient to compensate for the persistent deoxyhemoglobin concentration could lead to a negative BOLD signal.
To summarize our theoretical considerations, the finding of persistently increased deoxyhemoglobin content in a voxel (HbR) during prolonged stimulation periods is not in contradiction to the common theory of the BOLD signal if intravascular components are considered, i.e., if the intravascular deoxyhemoglobin concentration is diluted by a volume effect.
